
The Respiratory Syncytial Virus Fusion Protein and Neutrophils
Mediate the Airway Mucin Response to Pathogenic Respiratory
Syncytial Virus Infection

Kate L. Stokes,a,b Michael G. Currier,a,b Kaori Sakamoto,c Sujin Lee,a,b Peter L. Collins,d Richard K. Plemper,a,b Martin L. Moorea,b

Department of Pediatrics, Emory University, Atlanta, Georgia, USAa; Children’s Healthcare of Atlanta, Atlanta, Georgia, USAb; Department of Pathology, College of
Veterinary Medicine, University of Georgia, Athens, Georgia, USAc; Laboratory of Infectious Diseases, National Institute of Allergy and Infectious Diseases, Bethesda,
Maryland, USAd

Respiratory syncytial virus (RSV) is the leading cause of death due to a viral etiology in infants. RSV disease is characterized by
epithelial desquamation, neutrophilic bronchiolitis and pneumonia, and obstructive pulmonary mucus. It has been shown that
infection of BALB/cJ mice with RSV clinical isolate A2001/2-20 (2-20) results in a higher early viral load, greater airway necrosis,
and higher levels of interleukin-13 (IL-13) and airway mucin expression than infection with RSV laboratory strain A2. We hy-
pothesized that the fusion (F) protein of RSV 2-20 is a mucus-inducing viral factor. In vitro, the fusion activity of 2-20 F but not
that of A2 F was enhanced by expression of RSV G. We generated a recombinant F-chimeric RSV by replacing the F gene of A2
with the F gene of 2-20, generating A2–2-20F. Similar to the results obtained with the parent 2-20 strain, infection of BALB/cJ
mice with A2–2-20F resulted in a higher early viral load and higher levels of subsequent pulmonary mucin expression than infec-
tion with the A2 strain. A2–2-20F infection induced greater necrotic airway damage and neutrophil infiltration than A2 infec-
tion. We hypothesized that the neutrophil response to A2–2-20F infection is involved in mucin expression. Antibody-mediated
depletion of neutrophils in RSV-infected mice resulted in lower tumor necrosis factor alpha levels, fewer IL-13-expressing CD4 T
cells, and less airway mucin production in the lung. Our data are consistent with a model in which the F and attachment (G) gly-
coprotein functional interaction leads to enhanced fusion and F is a key factor in airway epithelium infection, pathogenesis, and
subsequent airway mucin expression.

Respiratory syncytial virus (RSV) is the most important cause of
bronchiolitis and viral pneumonia in infants and the most

common cause of hospitalization in infants younger than 1 year of
age (1). RSV infects practically all children by the age of 2 years,
causing approximately 400 infant deaths and up to 125,000 hos-
pitalizations per year in the United States (2, 3). Worldwide, RSV
is the leading cause of death due to a viral etiology in children
younger than 1 year of age (3). RSV infection results in airway
obstruction and lung inflammation, which lead to hyperrespon-
siveness involving leukocyte infiltration, mucus production, and
epithelial damage (4). The virus targets the epithelial cells of the
nasopharynx, trachea, and bronchi, resulting in the formation of
thick mucus plugs mixed with cell debris, fibrin, and lymphocytes
(5). An understanding of how RSV causes the epithelial damage
and mucus production that lead to lung dysfunction may aid with
the development of approaches to prevent severe respiratory ill-
ness.

Excess neutrophils are found in the airways of infants with
acute RSV bronchiolitis as well as in the bronchoalveolar lavage
(BAL) fluid of RSV-infected children (6–9). However, the precise
role of neutrophils in RSV pathogenesis is unknown. Neutrophils
recruited to airways cause epithelial damage through mechanisms
such as the release of free oxygen radicals, neutrophil elastase, and
proteolytic enzymes (10). In vitro, neutrophils can enhance RSV-
induced epithelial damage and detachment of cells (11). It is not
known whether this occurs in vivo. Furthermore, neutrophils are a
major source of tumor necrosis factor alpha (TNF-�). Intratra-
cheal administration of TNF-� in BALB/cJ mice induces mucus-
associated proteins, such as gob5 and Muc5ac, as well as mucus
expression in the airways (12).

We previously reported that infection of BALB/cJ mice with
clinical strain RSV A2001/2-20 (2-20) results in greater disease
severity and higher lung interleukin-13 (IL-13) levels than infec-
tion with laboratory strain A2 (13). Another laboratory RSV
strain, line 19, also induces airway mucin expression in an IL-13-
dependent manner, similar to RSV 2-20 (14, 15). RSV 2-20 is
useful because it is a clinical isolate of known passage history (13).
A chimeric virus containing the line 19 fusion (F) protein in the A2
genetic background indicated that the fusion protein of RSV plays
a role in pulmonary mucus expression in the mouse model (16).
Interestingly, the unique residues of the line 19 F protein do not
occur in RSV clinical isolates, suggesting that line 19 may have
acquired mutations during passage (A. L. Hotard and M. L.
Moore, unpublished data).

We hypothesized that the F protein of 2-20 also plays a role in
RSV-induced mucus production. In order to test this, we gener-
ated a chimeric virus strain containing the RSV 2-20 F gene in an
RSV A2 backbone (referred to as strain A2–2-20F) and employed
antibody depletion to further probe the role of neutrophils in RSV
pathogenesis. Infection of BALB/cJ mice with chimeric virus
strain A2–2-20F caused levels of early airway epithelium necrosis
and neutrophil infiltration as well as pulmonary mucus expres-
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sion higher than those caused by RSV A2. Neutrophil depletion
caused diminished airway mucin expression and TNF-� produc-
tion during 2-20 infection. Our results elucidate a novel pathway
of RSV pathogenesis whereby the F protein results in airway cell
debris and the ensuing robust neutrophil response mediates Th2
cell IL-13 expression and airway mucin expression. Mechanistic
characterization identified a unique functional interaction be-
tween the RSV attachment (G) glycoprotein and F protein that
may be important for RSV fusion and pathogenesis.

MATERIALS AND METHODS
Cells, viruses, and mice. HEp-2 cells were obtained from the ATCC and
propagated in minimal essential medium (MEM) supplemented with
10% fetal bovine serum (FBS) and penicillin G-streptomycin sulfate-am-
photericin B solution (Mediatech, Manassas, VA). 293T cells were ob-
tained from the ATCC and propagated in MEM supplemented with 10%
FBS and penicillin G-streptomycin sulfate-amphotericin B solution. The
A2 strain of RSV was provided by Stokes Peebles (Vanderbilt, Nashville,
TN) and maintained by passage in HEp-2 cells. The 2-20 RSV strain was
maintained by passage in HEp-2 cells (13). Viral stocks were propagated
and titrated by plaque assay in HEp-2 cells as described previously (13).
Female 6-week-old BALB/cJ mice were obtained from Jackson Laborato-
ries (Bar Harbor, ME). All mice were maintained under specific-patho-
gen-free conditions. Mice were anesthetized by intramuscular injection of
a ketamine-xylazine solution and infected intranasally (i.n.) with RSV
stock or with mock-infected HEp-2 cell culture supernatant, as described
previously (17). All animal procedures were conducted according to the
guidelines of the Emory University Institutional Animal Care and Use
Committee.

Generation and recovery of chimeric A2–2-20F RSV. Total RNA was
isolated from HEp-2 cells infected with RSV strain 2-20. cDNA was re-
verse transcribed as described previously using primer F-r (16). PCR am-
plicons were gel purified and sequenced. The 2-20 F cDNA sequence from
three separate infections was compared to the published 2-20 F sequence
and confirmed (13). The F cDNA was then PCR amplified using forward
primer FStuI and reverse primer FSphI, which incorporated StuI and SphI
restriction sites into the G-F intergenic region and F-M2 intergenic re-
gion, respectively, and added flanking EcoRI sites, as described previously
(16). The 2-20 F cDNA was cloned into the EcoRI site of pGEM-9Zf
(Promega, Madison WI) and then moved, using StuI and SphI, into a
low-copy-number subclone (pLG4) harboring an XhoI/BamHI fragment
of RSV antigenomic cDNA clone D46/6120 containing the RSV A2 G gene
and the F gene flanked by StuI and SphI and the partial M2 sequence of
RSV, thereby replacing the A2 F gene (16). The XhoI/BamHI fragment
containing 2-20 F was then cloned into RSV antigenomic cDNA plasmid
D46/6120, yielding the full-length recombinant A2–2-20F plasmid, in
which the sequence of the F gene was confirmed.

BSRT7/5 cells, which constitutively express T7 polymerase (provided
by Ursula J. Buchholz and Karl-Klaus Conzelmann), were transfected
with A2–2-20F and four support plasmids which express RSV N, P, M2-1,
and L proteins under the control of the T7 promoter (18, 19). Transfected
cells were passaged until syncytia were observed, at which point they were
scraped into the medium, snap-frozen, thawed, and used to infect HEp-2
cells (16). When the maximal cytopathic effect was observed in HEp-2
cells, serial dilutions of clarified supernatants were used to infect fresh
HEp-2 cells, which were overlaid with agarose-medium. Single plaques
were picked and amplified in HEp-2 cells to generate viral stocks. The F
cDNA was PCR amplified from the recovered working A2–2-20F virus
stock as described above, and the F cDNA sequence was confirmed. The
stock was confirmed to be mycoplasma free through PCR-based testing
(Venor GeM mycoplasma detection kit, PCR based; Sigma-Aldrich, St.
Louis, MO).

Multistep virus growth curves. Subconfluent HEp-2 cells in six-well
dishes were infected in triplicate with RSV strain A2, 2-20, or A2–2-20F at
a multiplicity of infection (MOI) of 1.0 in 250 �l. After 1 h of adsorption

at room temperature on a rocking platform, the cells were washed with
phosphate-buffered saline (PBS), and fresh medium was added. Superna-
tants were harvested from each well at 12 h, 24 h, 48 h, and 72 h, and RSV
was titrated in duplicate by plaque assay on HEp-2 cells as described
previously (13).

Quantification of lung viral load. BALB/cJ mice were infected with
105 PFU of RSV, and lungs were harvested at the indicated time points. A
BeadBeater apparatus (Biospec Products, Bartlesville, OK) was used to
homogenize the lungs as previously described (13). Lung homogenates
were serially diluted and used to inoculate subconfluent HEp-2 cells in
24-well dishes as described above and overlaid with MEM supplemented
with 10% FBS, penicillin G-streptomycin sulfate-amphotericin B solu-
tion, and 0.75% methylcellulose (13). After 6 days, plaques were visual-
ized by immunodetection as described previously (13).

Histopathology. Lungs were fixed in 10% neutral buffered formalin
for 24 h and then transferred to 70% ethanol. Lungs were then embedded
in paraffin blocks, and 5-�m-thick tissue sections were cut and then
stained with hematoxylin-eosin (H&E) to examine histologic changes. A
pathologist blinded to the groups scored the samples for severity of infil-
trates of lymphocytes, neutrophils, macrophages, and eosinophils on a
scale of from 0 to 4 for peribronchiolar, perivascular, interstitial, and
alveolar spaces. Slides were scored for the presence or absence of bron-
chiolar exudates containing necrotic cell debris. Additional sections were
also stained with periodic acid-Schiff (PAS) stain to quantify the amount
of mucin expression in airways. PAS-stained slides were digitally scanned
using a Mirax Midi microscope, and slides were analyzed for PAS-positive
airways using HistoQuant software (3D Histotech, Budapest, Hungary),
as we previously described (13). Each airway was outlined individually,
and all airways in the section were included in the data.

Dual-functional split-reporter (DSP) fusion assay. An assay using
fused split-reporter proteins Renilla luciferase (RL) and green fluorescent
protein (GFP), which recover activity when they reassociate due to cell
fusion, allows quantification of viral protein-induced cell-cell fusion (20).
The GFP reporter protein is made up of a small fragment of GFP fragment
harboring a � sheet (21). Transfected cells expressing DSP1-7 or DSP8-12

were used (22). Plasmids expressing cDNA codons optimized for mam-
malian expression (GeneArt; Invitrogen, Carlsbad, CA) of RSV A2 F, A2
G, 2-20 F, and 2-20 G were cloned into pcDNA3.1(�) (Invitrogen), and
the sequences were confirmed. 293T cells (90% confluent) were trans-
fected with plasmids expressing A2 F, 2-20 F, A2 F and A2 G, 2-20 F and
2-20 G, or 2-20 F and A2 G plus DSP1-7. Additional wells were transfected
with plasmids expressing DSP8-11. 293T cells were transfected with Lipo-
fectamine 2000 (Invitrogen) and incubated in MEM with 10% FBS and
1% penicillin G-streptomycin sulfate-amphotericin B containing 250 nM
RSV fusion inhibitor BMS-433771 (Alios Biopharma, San Francisco, CA)
for 24 h at 37°C in 5% CO2. At 24 h posttransfection, cells were washed
with 1 ml PBS and resuspended in 1 ml medium containing 1:1,000
EnduRen live cell substrate (Promega, Madison, WI). Cells expressing
DSP1-7 as well as A2 F, 2-20 F, A2 F and A2 G, 2-20 F and 2-20 G, or 2-20
F and A2 G were mixed in an equal volume with cells expressing DSP8-11.
One hundred microliters of each cell mixture was plated in a white 96-well
plate, and RL activity was measured with a Top Count luminometer
(PerkinElmer, Waltham, MA) at the indicated time points.

Western blotting of F and G levels in transfected 293T cells. For
immunoblotting, proteins were separated by SDS-PAGE, followed by
transfer to a polyvinylidene difluoride membrane. After electroblotting,
the membranes were probed using a SNAP i.d. system (Millipore, Bil-
lerica, MA). Briefly, the blot was saturated in 0.5% nonfat dry milk in
Tris-buffered saline–Tween 20 (TBS-T). After blocking, the membrane
was washed three times with TBS-T, followed by incubation with primary
antibody against RSV F (palivizumab antibody, 1:1,0000; a gift from
James Crowe, Vanderbilt, Nashville, TN) or RSV G (131-2G, 1:5,000;
Millipore, Billerica, MA) for 10 min. Membranes were washed three times
and incubated with horseradish peroxidase (HRP)-conjugated secondary
antibodies (anti-mouse, 1:10,000; anti-human, 1:10,000; Sigma-Aldrich,
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St. Louis, MO) for 10 min. Signals were detected by chemiluminescence
detection using an ECL Western blotting substrate reagent (Pierce Biology
Protein Products, Rockford, IL).

Flow cytometry analysis of F and G surface levels in transfected 293T
cells. 293T cells (90% confluent) were transfected with plasmids express-
ing A2 F, A2 G, 2-20 F, or 2-20 G in a pcDNA 3.1 vector and DSP1-7, as in
the dual split-protein fusion assay. Cells were incubated for 36 h at 32°C to
limit syncytium formation. Cells were harvested and washed in PBS con-
taining 2% FBS and 0.1% NaN3. Cells were stained with palivizumab or
anti-RSV G antibody (131-2G; Millipore) at a concentration of 1:100.
Samples were incubated at 4°C in the dark for 2 h. Cells were then washed
in 2 ml PBS containing 2% FBS and 0.1% NaN3 and centrifuged for 5 min
at 456 � g. F samples were stained with anti-human phycoerythrin (PE;
SouthernBiotech, Birmingham, AL) or human IgG1, K isotype control
(SouthernBiotech). G samples were stained with anti-mouse allophyco-
cyanin (APC; G; RMG1-1; Biolegend, San Diego, CA) or mouse IgG2a, K
isotype control (eBM2a; eBioscience, San Diego, CA). Cells were analyzed
using an LSR II flow cytometer (BD Biosciences, San Jose, CA). Data were
analyzed using FlowJo software (Tree Star Inc., Ashland, OR).

Neutrophil depletion in BALB/cJ mice. Seven- to 8-week-old
BALB/cJ mice were depleted of neutrophils with 1 mg anti-Ly6G (1A8;
Bio X Cell, West Lebanon, NH) given intraperitoneally (i.p.) 2 days prior
to infection. Anti-Ly6G antibody (0.5 mg) was given to mice on days 0, 2,
4, and 6 postinfection. Control mice were treated with rat IgG2a isotype
control (2A3; Bio X Cell) on days �2, 0, 2, 4, and 6 postinfection.

Flow cytometric analysis of blood cells. Blood was collected by sub-
mandibular bleed on days 1 and 7 postinfection Peripheral blood mono-
nuclear cells (PBMCs) were isolated using erythrocyte lysis buffer (0.15 M
NH4Cl, 10 mM KHCO3, 0.1 mM EDTA) and counted with a hemocytom-
eter. Cells were stained with anti-CD11b (M1/70; eBioscience) and anti-
Gr-1 (RB6-8C5; BD Biosciences). A total of 5 � 105 cells were analyzed
using an LSR II flow cytometer (BD Biosciences). The total number of
neutrophils was calculated by multiplying the percentage of CD11b�

Gr-1� cells by the total number of cells isolated. Data were analyzed using
FlowJo software (Tree Star Inc.).

Flow cytometric analysis of lung mononuclear cells. Mice were eu-
thanized with sodium pentobarbital (8.5 mg/kg body weight) i.p., and
lungs were harvested at 1 and 8 days postinfection. Cells were isolated
using Ficoll and counted with a hemocytometer. Cells were stained with
the following antibodies: anti-CD11b and anti-Gr-1 or anti-major histo-
compatibility complex class II (anti-MHC-II; M5/114.15.2; eBioscience),
anti-CD11b (M1/70; eBioscience), and anti-Gr-1 (RB6-8C5; BD Biosci-
ences). A total of 5 � 105 cells were analyzed using an LSR II flow cytom-
eter (BD Biosciences). The total number of neutrophils was calculated by
multiplying the percentage of CD11b� Gr-1� cells or the percentage of
MHC-II-negative (MHC-II�) CD11b� Ly6G-positive cells by the total
number of cells isolated. The total number of macrophages was calculated
by multiplying the percentage of MHC-II-positive (MHC-II�) CD11b�

Ly6G-negative cells by the total number of cells isolated. Cells were
stained for IL-13 and gamma interferon (IFN-�) using intracellular stain-
ing (ICS). Isolated cells were stimulated with phorbol myristate acetate
(PMA)-ionomycin for 5 h and stained with antibodies to CD3 (145-2C11;
BD Biosciences), CD4 (RM4-5; BD Biosciences), CD8 (53-6.7; BD Biosci-
ences), IL-13 (ebio13A; eBioscience), and IFN-� (XMG1.2; eBioscience).
The total numbers of IFN-�-expressing CD8� T cells and IL-13-express-
ing CD4� T cells in the lungs were determined by multiplying the per-
centage of lymphocytes (defined by forward and side scatter properties in
flow cytometry) that were CD3� CD8� IFN-� positive and CD3� CD4�

IL-13 positive (IL-13�) by the total number of mononuclear cells isolated.
Data were analyzed using FlowJo software (Tree Star Inc.).

Cytokine quantification. Cytokines in lung homogenates were ana-
lyzed by Luminex bead analysis (Invitrogen) according to the manufac-
turer’s protocol. Samples were centrifuged in a tabletop centrifuge at
room temperature for 5 s, and 50 �l of sample was incubated with anti-
body-coated capture beads for 2 h at room temperature. After washing the

beads three times, protein-specific biotinylated detector antibodies were
added and incubated with the beads for 1 h. After removal of excess bio-
tinylated antibodies, streptavidin conjugated to a fluorescent protein, R-
phycoerythrin (streptavidin-RPE), was added, and the mixture was incu-
bated for 30 min. After washing of unbound streptavidin-RPE, the beads
were analyzed with a Luminex 200 machine (Austin, TX).

Generation of prefusion RSV fusion protein model. Structural mod-
els are based on the recently reported coordinates of the RSV F protein in
its prefusion conformation (Protein Data Bank [PDB] accession number
4JHW) (23). The UCSF chimera (24) and MacPyMol programs were used
for structure analysis and presentation.

Statistical analyses. Unless otherwise indicated, groups were com-
pared by one-way analysis of variance (ANOVA) and the Tukey multiple-
comparison test (P � 0.05). Values below the limit of detection were
assigned a value of half the limit of detection, as shown in the figures.

RESULTS
RSV A2–2-20F replication in human cells and viral load in
BALB/cJ mice. RSV strain 2-20 infection causes airway mucin
expression in BALB/cJ mice (13). The fusion (F) protein of the
mucus-inducing RSV strain line 19 was shown to be a factor in
airway mucin expression induced by RSV infection in BALB/cJ
mice (16). We hypothesized that the 2-20 F protein may similarly
be a mucin-inducing factor in RSV infection. We generated a chi-
meric RSV strain that contains the 2-20 gene in an RSV A2 genetic
background (RSV A2–2-20F). We first compared the in vitro
growth of RSV A2–2-20F to that of RSV A2 and RSV 2-20. In
HEp-2 cells, RSV A2–2-20F grew to lower titers (P � 0.05,
ANOVA) than its parent strains at 48 h postinfection, and there
were no significant differences between strains at any other time
points (Fig. 1A). BALB/cJ mice are semipermissive for RSV repli-
cation. We previously showed that RSV 2-20 exhibits a higher viral
load on day 1 postinfection and a lower peak viral load than RSV
A2 (13). The viral loads of RSV strains A2, 2-20, and A2–2-20F
were compared over a time course. BALB/cJ mice were infected
with 105 PFU of each strain. RSV A2–2-20F and 2-20 had signifi-
cantly higher viral loads than A2 on day 1 postinfection, although
these titers were near the limit of detection of the plaque assay.
RSV A2 had a significantly higher viral load on days 4 and 6
postinfection (Fig. 1B), and A2 grew to a higher peak titer in vivo.
However, early viral load differences may play a role in RSV
pathogenesis in BALB/cJ mice. The similar viral loads of 2-20 and
A2–2-20F show that the 2-20 F gene is a determinant of the viral
load.

RSV A2–2-20F causes early lung lesions in BALB/cJ mice.
Lung injury is common in severe RSV infection, shown by loss of
lung epithelial cells, edema, hemorrhage, and alveolar inflamma-
tion (25). Lung damage is thought to be mediated by both direct
effects of the virus and the immune response (26). We previously
reported that RSV 2-20 infects the airway epithelium at 1 day
postinfection in mice (13). We sought to determine if early viral
load correlates with early lung lesion development in RSV A2–2-
20F-infected mice. At day 1 postinfection, mice infected with RSV
A2–2-20F exhibited increased interstitial pneumonia involving
increased thickening of alveolar walls associated with inflamma-
tory cell infiltrates compared to mock-infected and RSV A2-in-
fected mice (Fig. 2A and B). RSV 2-20-infected mice also had
significantly more interstitial pneumonia than mock-infected
mice (Fig. 2A and B). There was no difference in the interstitial
pneumonia scores between groups on day 4, 6, or 8 postinfection
(data not shown). The airways of RSV 2-20- and A2–2-20F-in-
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fected mice contained more necrotic cell debris than mock- and
A2-infected mice on day 1 postinfection (Fig. 2C). One of 10
mock-infected mice and 1 of 10 A2-infected mice exhibited airway
necrotic cell debris. In contrast, necrotic cell debris was observed

in 6 of 10 mice infected with RSV 2-20 and 8 of 10 mice infected
with RSV A2–2-20F. Epithelial cell debris and BAL fluid cells in
the airways of infected mice reportedly contribute to the patho-
genesis of RSV (23). Our data show that A2–2-20F-infected mice
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FIG 1 In vitro growth and in vivo viral load of RSV strains A2, 2-20, and A2–2-20F. (A) Infectious yield in supernatants of HEp-2 cells infected at an MOI of 1.0
with RSV A2, 2-20, or A2–2-20F. Error bars represent SEMs of two replicates. Data are means 	 SEMs. *, the infectious yield of A2 was significantly higher than
that of A2–2-20F at 48 h postinfection (P � 0.05, ANOVA). The results shown represent those from three experiments with similar data. (B) BALB/cJ mice were
infected with 5 � 105 PFU of A2, 2-20, or A2–2-20F (n 
 5/group). Lungs were harvested on the indicated days postinfection, and infectious RSV was titrated
by plaque assay. Data are means 	 SEMs. *, at day 1 postinfection, values for 2-20 and A2–2-20F were significantly higher than those for A2 (P � 0.05, ANOVA);
**, at day 4 postinfection, the value for A2 was significantly higher than the values for 2-20 and A2–2-20F (P � 0.05, ANOVA). Dashed line, limit of detection.
The results shown represent those for three experiments with similar data.

FIG 2 RSV A2–2-20F infection results in early lung lesions in BALB/cJ mice. BALB/cJ mice were mock infected or infected with 105 PFU of the indicated strain.
Lungs were harvested on day 1 postinfection, stained with H&E, and analyzed for histologic changes. (A) Interstitial pneumonia (IP) score for each group. *,
significant difference from mock-infected animals (P � 0.01, ANOVA); **, significant difference from mock- and A2-infected animals (P � 0.05, ANOVA). (B)
Representative airways indicating interstitial pneumonia in mock-, A2-, 2-20-, and A2–2-20F-infected mice. (C) Representative airways containing cell debris in
mock-, A2-, 2-20-, and A2–2-20F-infected mice. The results shown represent those from two experiments with similar data.
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exhibit lung epithelial damage and inflammation on day 1 postin-
fection.

RSV A2–2-20F infection causes airway mucin expression.
Pulmonary mucus expression is a hallmark of severe RSV disease
in infants (27). RSV 2-20 infection of BALB/cJ mice triggers higher
airway mucin expression than infection with RSV A2 (13). We
used the chimeric virus RSV A2–2-20F to determine whether the
2-20 F protein is responsible for this phenotype. Periodic acid-
Schiff (PAS) staining was used to examine the mucin distribution
in the airways of RSV-infected mice. Mice were infected with 105

PFU of RSV, and lungs were harvested on day 8 postinfection.
Both 2-20- and A2–2-20F-infected mice exhibited significantly
greater PAS positivity than mock- and A2-infected mice (Fig. 3).
Greater than 5% of the airways in 2-20- and A2–2-20F-infected
mice had approximately 10% mucin positivity, whereas approxi-

mately 1% of the airways in A2-infected mice had such mucin
positivity (Fig. 3). These results show that both 2-20 infection and
A2–2-20F infection result in more airway mucin expression in the
airways of BALB/cJ mice than A2 infection, suggesting that the
2-20 F protein is a mucus-inducing factor in RSV infection.

Fusion activity. We sought to determine the underlying mech-
anisms of 2-20 F-protein-mediated pathogenesis. We hypothe-
sized that the 2-20 F protein has greater fusion activity than the A2
F protein. To quantify cell-to-cell fusion, we used a biolumines-
cence reporter-based content mixing assay (20). 293T cells were
transfected with A2 F, 2-20 F, A2 F and A2 G, 2-20 F and 2-20 G, or
2-20 F and A2 G plus DSP1-7 and mixed with 293T cells transfected
with DSP8-11. An RSV fusion inhibitor, BMS-433771, was used
during transfection to eliminate effector cell-to-effector cell fu-
sion. This inhibitor was removed prior to cell mixing to allow
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FIG 3 2-20 F is a mucogenic factor in RSV infection. BALB/cJ mice were mock infected (n 
 3) or infected with 105 PFU of A2 (n 
 5), 2-20 (n 
 5), or A2–2-20F
(n 
 5), and lungs were harvested on day 8 postinfection. The PAS-positive area was determined for each airway. (A) Results for �200 individual airways are
shown per group. Each symbol represents one airway. †, significant difference compared to mock-infected animals (P � 0.001); *, significant difference
compared to A2-infected animals (P � 0.05, ANOVA); $, significant difference compared to A2-infected animals (P � 0.001, ANOVA). (B) The same percent
PAS positivity data as in panel A plotted against the size of all airways. The results are representative of those from two experiments with similar results.
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effector cell-to-target cell fusion. Transfected cells expressed total
cell (Fig. 4A and B) and surface (Fig. 4C and D) levels of F and G
proteins equivalently. Contrary to our hypothesis, A2 F and 2-20 F
had equal fusion activity (Fig. 4E and F). It has been shown that
coexpression of the RSV attachment (G) glycoprotein promotes
fusion (28). We therefore also tested whether RSV A2 G and/or
2-20 G can enhance fusion. Both G proteins increased the fusion
activity of 2-20 F but not that of A2 F. RSV F and G glycoproteins
interact to form a complex on the surface of infected cells, suggest-
ing that G plays a role in RSV fusion (29). We identified a specific,
functional interaction between 2-20 F and RSV G.

RSV A2–2-20F infection results in lung neutrophil recruit-
ment in BALB/cJ mice. Neutrophils are present in the lungs of
children with severe RSV infection (9, 30). Additionally, neutro-
phils are among the first cells to be recruited to the site of infection
and have been shown to contribute to cell damage (11, 31). H&E
staining revealed neutrophil infiltration in the lungs of A2–2-20F-
infected mice (data not shown). We used flow cytometry to deter-
mine neutrophil levels in the lungs of infected BALB/cJ mice on
day 1 postinfection and found significantly higher levels in the
lungs of A2–2-20F-infected BALB/cJ mice than in those of mock-
and A2-infected mice (Fig. 5). Thus, the 2-20 F protein contrib-
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utes to pulmonary neutrophil recruitment. 2-20-infected mice
showed an intermediate phenotype with higher neutrophil levels
than in A2-infected mice but slightly less than in A2–2-20F-in-
fected mice (Fig. 5). There are many sequence differences between
the 2-20 and A2 genomes (GenBank accession numbers M74568
and JX069798, respectively), but the A2–2-20F recombinant nar-
rows the candidate pool to residues within the F protein. A2–2-
20F permits the analysis of the 2-20 F protein specifically.

Neutrophil depletion in RSV-infected BALB/cJ mice. Anti-
Ly6G clone monoclonal antibody 1A8 has been shown to be spe-
cific for neutrophils (32). BALB/cJ mice were treated with anti-
Ly6G in order to investigate the role of neutrophils in the context
of RSV-induced airway mucin expression. Lung and peripheral
blood mononuclear cells were isolated from mock- and RSV-in-
fected mice that were treated with anti-Ly6G or IgG2a isotype
control antibody. Administration of this anti-Ly6G antibody in
the context of RSV infection resulted in depletion of neutrophils
for the duration of infection in both the blood and lungs of
BALB/cJ mice (Fig. 6). Mock-infected mice had greater numbers
of neutrophils in the lung on day 1 than day 7 postinfection, indi-
cating that the mock preparation does induce an early neutrophil
response in the lung (Fig. 6G and H). The macrophage population
in anti-Ly6G-treated mice was also investigated. The levels of
MHC-II� Gr-1� CD11b� cells were not significantly affected by
antibody treatment (Fig. 7). Eosinophils do not express Ly6G and
therefore are not affected by 1A8 antibody treatment (32).

To assess the contribution of neutrophils to RSV clearance, we
examined the viral loads in neutrophil-depleted and isotype con-
trol-treated BALB/cJ mice. Though neutrophil-depleted mice had
a slightly higher viral load on days 4, 6, and 8 postinfection, this
difference never reached significance (Fig. 8). These results show
that neutrophils do not contribute to viral clearance in this RSV
infection model.

Neutrophil depletion during RSV infection modulates air-
way mucin expression. Neutrophils have been shown to be as-
sociated with lung mucus in models such as those for chronic
obstructive pulmonary disease and asthma (23, 24). We hy-
pothesized that neutrophils also modulate mucin expression in

the lungs of RSV-infected mice. To examine this, lungs were
harvested on day 8 postinfection from mock- or RSV-infected
mice treated with anti-Ly6G or isotype control antibody and
stained with PAS. Neutrophil depletion in RSV-infected mice
resulted in significantly more PAS-positive airways than in
RSV-infected isotype control-treated mice (Fig. 9). These data
indicate that neutrophils play a role in airway mucin expres-
sion during pathogenic RSV 2-20 infection.

Neutrophil depletion in the setting of RSV infection de-
creases lung TNF-� levels. TNF-� is a cytokine that has been
linked to mucus production. Intratracheal administration of
TNF-� to BALB/cJ mice was shown to induce mucus production
(12). Because activated neutrophils release TNF-�, we postulated
that depletion of neutrophils would result in less TNF-� in the
lungs (33). Indeed, RSV-infected mice treated with anti-Ly6G an-
tibody had significantly decreased TNF-� levels in the lungs on
day 1 postinfection (Fig. 10). This decrease coincided with a de-
crease in neutrophil levels in the lungs due to antibody depletion.

Neutrophil depletion during RSV infection results in fewer
pulmonary IL-13� CD4 T cells in depleted mice than in control
mice. IL-13 is a key factor that mediates mucus production in the
lungs (15, 34, 35). This cytokine is necessary for both RSV line 19-
and 2-20-induced PAS positivity (13, 16). We previously showed
that RSV 2-20 infection results in greater IL-13 production than
RSV A2 infection (13). Here, we sought to determine a cell source
of IL-13 in the RSV infection model and define the effect of neu-
trophil depletion on IL-13 production. IL-13-producing CD4 T
cells were quantified on day 6 postinfection. Neutrophil depletion
did not affect the number of lung CD4� T cells or CD8� T cells
(data not shown) but resulted in fewer IL-13� CD4 T cells than in
isotype control-treated mice (Fig. 11). These CD4� T cells are
likely an important source of IL-13 that causes mucin expression
during RSV infection. Our data show that neutrophils modulate
CD4 T cell IL-13 expression in RSV infection.

DISCUSSION

Using a genetically controlled chimeric virus approach, we have
shown that the F protein of RSV 2-20 increases the pathogenicity
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FIG 6 Anti-Ly6G treatment results in depletion of neutrophils in the blood and lungs of RSV-infected mice. BALB/cJ mice were treated with IgG2a control
antibody or anti-Ly6G antibody. These mice were mock infected or infected with 1 � 106 PFU RSV 2-20. Blood was taken at days 1 and 7 postinfection. Lungs
were harvested on days 1 and 8 postinfection. Cells were isolated by use of a Ficoll gradient and stained for CD11b and Gr-1. (A) Representative flow plots of
PBMCs from the indicated group on day 1 postinfection. (B) Representative flow plots of PBMCs from the indicated groups on day 7 postinfection. (C)
Quantification of PBMCs on day 1. Results are representative of those from three replicate experiments. (D) Quantification of PBMCs on day 7. Results are
representative of those from three replicate experiments. (E) Representative flow plots of lung cells from the indicated group on day 1 postinfection. (F)
Representative flow plots of lung cells from the indicated group on day 8 postinfection. (G) Quantification of lung cells on day 1. Results are representative of
those from three replicate experiments. (H) Quantification of lung cells on day 8. Results are representative of those from three replicate experiments. Bars,
significant differences (P � 0.05, ANOVA).
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of the laboratory strain A2, as evidenced by greater interstitial
pneumonia, increased mucin levels, and more necrotic cell debris
in the airways. An increased early viral load correlated with airway
necrotic cell debris. Additionally, infection with RSV A2–2-20F
resulted in greater neutrophil infiltration into the lungs of
BALB/cJ mice than mock and A2 infection. Our data show that
neutrophils play an important immunomodulatory role in RSV
infection. Depletion of neutrophils had no effect on viral load but
resulted in less airway mucin expression, lower lung TNF-� levels,
and fewer IL-13-producing CD4� T cells compared to the find-
ings for isotype control antibody-treated animals during RSV in-
fection. Therefore, neutrophils contribute to pulmonary mucus
expression and RSV pathogenesis, potentially through modula-
tion of TNF-� expression and IL-13 expression by CD4� T cells.

It was previously shown that the fusion protein of RSV strain

line 19 is a factor that plays a role in pulmonary mucin expression
in the setting of RSV infection (16). BALB/cJ mouse infection with
chimeric A2-line 19F resulted in a peak viral load higher than that
achieved with infection with the parent viruses A2 and line 19
(16). The unique amino acids in RSV line 19 F, however, are not
found in any clinical isolates of RSV (Hotard and Moore, unpub-
lished). The passage history of the line 19 strain is unclear and
included many passages through human embryonic diploid lung
(MRC-5) cells (36). On the other hand, 2-20 is a clinical isolate
with a defined low number of passages (13). Unlike A2-line 19F,
A2–2-20F had a viral load pattern similar to that of parent virus
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2-20. This suggests that although infection of BALB/cJ mice with
both line 19 and 2-20 induces pulmonary mucin expression, the
underlying mechanisms leading to its phenotype are distinct. Our
data show that both 2-20 and A2–2-20F infection results in early
(day 1) lung debris in the airway epithelium of BALB/cJ mice. We
hypothesize that this early damage affects the subsequent immune
response and results in mucus production. We previously showed
that RSV 2-20 viral antigen is detectable in the airway epithelium
on day 1 postinfection (13), while at 4 days postinfection viral
antigen is localized to the alveolar region (37). Our data are con-
sistent with a model in which 2-20 F renders the mouse airway
epithelium susceptible to infection. Infection of the airway epithe-

lium results in necrosis, neutrophil recruitment, and subsequent
mucin expression.

Although RSV F can trigger fusion without G, its cognate at-
tachment protein, our data suggest that G and F interaction pro-
motes fusion. Activation of most Paramyxovirinae subfamily F
proteins involves interaction with the attachment protein (38). In
an in vitro fusion assay, 2-20 F was more fusogenic than A2 F when
it was coexpressed with either A2 G or homotypic 2-20 G protein.
These data suggest that RSV G boosts 2-20 F fusion activity, but
the precise mechanism is unknown. The F and G proteins likely
interact to form a complex on the surface of infected cells (29).
Hydrophobic residues located in the lower half of the head of the
measles virus (MeV) F protein were shown to be important for
fusion and interactions with the MeV attachment protein (39).
We hypothesize that this increased fusion activity due to 2-20 F
affects subsequent RSV pathogenesis. In previous studies, infec-
tion of both primary and immortalized human airway epithelial
cells did not result in obvious syncytium formation (40, 41). Cell-
to-cell fusion, however, was observed in recent studies performed
in well-differentiated pediatric bronchial epithelial cells (WD-
PECs) cultured at an air-liquid interface (42). Interestingly, more
syncytia were observed in WD-PECs infected with an RSV clinical
isolate than in WD-PECs infected with the RSV A2 strain (42).
Cell-to-cell fusion was also seen in WD-PECs after infection with
Sendai virus (SeV) (43). It has been shown that specific residues in
the fusion protein of SeV modulate its virulence by influencing
both the spread of the virus and the severity of inflammation (44).

There are 15 amino acid differences between the structures of
the RSV A2 and 2-20 fusion proteins (Fig. 12). Residues 4, 8, 16,
20, and 25 are not present in the protein because they are part of
the signal peptide that directs the F0 precursor to the endoplasmic
reticulum. Residue 124 is present in the short, 27-residue peptide
between the furin cleavage sites. Of the remaining residues, mu-
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tations at positions 519 and 524 are in immediate proximity to the
membrane and may influence interaction with lipids, which re-
portedly affects the bioactivity of viral fusion proteins (45). For
instance, a membrane proximal glycine residue of the influenza
HA2 fusion protein is required for viral fusion and infectivity (46).
Residue 384 (Fig. 12) lies in a region where the head and stalk
domains come together, which was previously shown to be a de-
terminant for prefusion MeV F protein stability and fusion activ-
ity (48). When all other residues were highlighted in a structural
model of the RSV F protein in its prefusion conformation, we
noted a concentration of changes in a microdomain mapping
closely to the top of the prefusion F trimer (residues 63, 66, and
76). These residues may contribute to metastability (48). In future
studies, we will explore whether residues contribute to controlling
the thermodynamic stability of the prefusion RSV F trimer and/or
affect its interaction with the RSV G protein.

The relationship between viral load and disease in RSV patho-
genesis is not defined. A previous study indicated that higher viral
loads in infants are a predictor of greater disease severity (49, 50).
Other studies, however, have shown no correlation between viral
titers and disease severity (51, 52). In the mouse model of 2-20 and
A2–2-20F infection, pathogenesis correlated with the early viral
load and not the peak viral load. The cell tropism of clinical RSV
strains may play a role in their differential pathogenesis. RSV has
been shown to infect cells in both the bronchial and bronchiolar
epithelia and alveolar cells in the lungs of RSV-infected children
and mice (53, 54). RSV 2-20 viral antigen is localized to the airway
epithelium at greater levels than A2 antigen at day 1 postinfection
(13). A2 infection also resulted in less necrotic cell debris and a
lower viral load at this early time point. Peak viral load, although
correlated with disease severity in some cases, may not be the most
important factor in RSV airway pathogenesis. Early viral load may
be responsible for driving disease that is not dependent on later
peak viral loads (55). We hypothesize that localization of the RSV
load to the airways, rather than peak viral load per se, drives airway
pathogenesis. We speculate that elevated fusion activity may per-
mit infection of the mouse airway epithelium. Host entry factors
specific for airway and alveolar cells may impact airway penetra-
tion as well. RSV F has been shown to interact with nucleolin (56).
However, we have not identified factors that specifically interact
with 2-20 F in a cell type-dependent manner.

Previous studies reveal that neutrophils are prevalent bron-
chial infiltrates in human RSV infection (7, 9, 30). The neutrophil
response occurs prior to the RSV-induced CD8� T cell response in

infants (57). Depletion of neutrophils during influenza virus in-
fection is mice results in higher virus titers in the lung and elevated
mortality (58, 59). In the present study, however, neutrophil de-
pletion did not affect the viral load in RSV-infected mice. CD8� T
cells have been shown to be important for RSV clearance in mice
(60). We did not see any differences in CD8� T cell numbers in
neutrophil-depleted mice (data not shown) but found that neu-
trophils affect the CD4� T cell IL-13 expression and TNF-� ex-
pression. Neutrophils have been linked to mucus plugging in se-
vere RSV infection and asthma (6, 8, 23). Previous studies have
shown that dysregulated or excessive neutrophil responses in the
airways may contribute to disease during severe influenza virus
infections (61). Low-, intermediate-, or high-virulence influenza
virus strains differ in their ability to recruit neutrophils to airways.
In severe influenza virus infection, neutrophils had a beneficial
role in ultimately limiting disease (62). Neutrophils may be play-
ing a similar damaging role in RSV infection. In lung bacterial
infections, bacteria induce neutrophil sequestration and eventual
damage (63). When neutrophils were depleted in BALB/cJ mice
during RSV infection, we found few mucin-positive cells in the
airways. TNF-� expression was higher in RSV-infected, neutro-
phil-depleted mice than nondepleted, infected mice. Neutrophils
are a source of TNF-� in the lungs (64), which in turn facilitates
the recruitment of neutrophils during airway inflammation and
has been implicated in stimulation of mucus factor MUC5AC
expression (14, 65).

Increased concentrations of TNF-� and IL-13 have been mea-
sured in the BAL fluid of asthmatic patients following allergen
stimulation (66). In a model of allergic asthma, IL-13 instillation
results in TNF-� expression by neutrophils (67) and is necessary
for mucus production (68). It has been shown that RSV infection
promotes a Th2-type inflammatory response in the lung, subse-
quently inducing a Th2-like effector phenotype in regulatory T
cells and increasing susceptibility to asthma (69). BALB/cJ mouse
infection with mucus-inducing RSV strains line 19 and 2-20 re-
sults in lung IL-13 expression (13, 14, 16). Neutrophils are seen in
BAL fluid samples from severe asthmatics but not from mild or
moderate asthmatics (70). In a model of allergic asthma, IL-13 was
shown to activate neutrophils (67, 71). It was also found that IL-13
administration induced substantial airway neutrophilia (72). In
neutrophil-depleted, RSV-infected BALB/cJ mice, there was a
drop in IL-13� CD4 T cells compared to their levels in isotype-
treated, RSV-infected mice. These results indicate that although
IL-13 has been shown to act on neutrophils, neutrophils also
modulate the IL-13 cellular immune response. Further elucida-
tion of this pathway involving IL-13 and TNF-� may lead to ther-
apies to combat RSV infection-induced pulmonary mucus.

Neutrophils have long been associated with bronchiolitis. For
the first time, we analyzed the role of neutrophils in a mouse
model of RSV bronchiolitis. We have identified a novel pathway
wherein the F protein affects the early immune response to RSV,
including the neutrophil response, and subsequently influences
downstream cytokine and mucus expression. Our data suggest
that the early viral load and damage influenced by the activity of
the RSV F protein are related to the neutrophil and mucus re-
sponses.
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